Injection of non-specific dsRNA initiates a broad-spectrum innate antiviral immune response in the Pacific white shrimp, Litopenaeus vannamei, however, the receptor involved in recognition of this byproduct of viral infections remains unknown. In vertebrates, dsRNA sensing is mediated by a class of Toll-like receptors (TLRs) and results in activation of the interferon system. Because a TLR (lToll) was recently characterized in L. vannamei, we investigated its potential role in dsRNA recognition. We showed that injection of non-specific RNA duplexes did not modify lToll gene expression. A reverse genetic approach was therefore implemented to study its role in vivo. Silencing of lToll did not impair the ability of non-specific dsRNA to trigger protection from white spot syndrome virus and did not increase the shrimp susceptibility to viral infection, when compared to controls. In contrast, genespecific dsRNA injected to specifically silence lToll expression activated an antiviral response. These data strongly suggest that shrimp lToll plays no role in dsRNA-induced antiviral immunity.
Lack of evidence for Litopenaeus vannamei

Introduction
In the shrimp farming industry, the epizootic spread of viral infections has led to huge economic losses, threatening its economic viability and long-term sustainability in some regions of the world [1] . Although control of viral diseases currently represents a great challenge in this industry, little is known in shrimp about immune responses to viruses, when compared to the broad spectrum of knowledge that exists for the vertebrates [2] . In mammals, antiviral immunity relies on several different sensor systems that recognize viral pathogen-associated molecular patterns (PAMPs). Sensing through pattern-recognition receptors (PRR) activates transcription factors (such as nuclear-factor ĸB, interferon regulatory factor 3 and AP-1), resulting in the secretion of type I interferons (IFNs), proinflammatory cytokines/chemokines, and in the synthesis of antiapoptotic proteins. However it also leads to the activation of several other genes that, in turn, contribute to an antiviral effect via the inhibition of protein synthesis and viral replication [1] . Sensing of viruses by the vertebrate innate immune system is mediated by two different classes of PRR: Toll-like receptors (TLRs), patrolling the extracellular and endosomal compartments [3] , and retinoic acidinducible gene I (RIG-I)-like receptors (RLRs) which survey the cytoplasm for the presence of double-stranded RNA (dsRNA ) [4] , a molecular structure commonly encountered during the virus replication cycle. Among the > 10 TLRs identified in mammals, TLR3 is crucial for the recognition of viral dsRNA and its synthetic analog poly(I:C), while each of the other TLRs also initiates immune responses in a ligand-specific manner [3] . For a long time, similar innate responses to dsRNA were assumed to have been absent from invertebrates, mainly because of the lack of invertebrate homologues of IFNs and IFN receptors. These views were reconsidered when Robalino and collaborators demonstrated in the Pacific white leg shrimp L. vannamei that injection of dsRNA of diverse length, sequence, and base composition protected animals from mortality induced by two viruses [5, 6] . Similar results were subsequently obtained in different shrimp species [reviewed in 7] . The discovery that dsRNA triggers a general non-specific antiviral response implies that the shrimp immune system is able to sense viral infections through recognition of dsRNA, and suggests a possible evolutionary link between innate antiviral immunity in vertebrates and invertebrates. To date, the mechanistic details of this phenomenon, including the receptor(s) involved in dsRNA recognition, remain to be explored in penaeid shrimp. Recently, a receptor structurally related to D. melanogaster Toll and designated lToll has been characterized for the first time in L. vannamei [8] . This study was therefore aimed at investigating the overall hypothesis that lToll may be involved in dsRNA-induced innate antiviral immunity in shrimp. Specifically, the present work was designed i) to determine whether dsRNA may regulate the expression of lToll and ii) to evaluate the requirement of lToll for the non-specific immune response in vivo using RNA interference.
Materials and methods
Animals and RNA extractions
L. vannamei shrimp from specific pathogen-free (SPF) lines were used for all experiments. Gills were collected in RNA later reagent (Ambion) and stored at -20°C until use. Total RNA was extracted using RNeasy columns (Qiagen) according to the manufacturer's instructions. RNA quantity, purity and integrity were verified spectrophotometrically (A 260 /A 280 ) and by electrophoresis on 1% agarose gels.
Preparation of dsRNA
Double-stranded RNAs (dsRNA) were generated as previously described [5] . The DNA templates used for in vitro transcription were pCR4 vector (Invitrogen) hosting either a 735-bp portion of shrimp L. vannamei Toll (lToll) cDNA (accession no. DQ923424) or a 200-bp fragment of the immunoglobulin (Ig) υ H chain of the duck, Anas platyrhynchos (accession no. AJ312200); and pBluescript (Stratagene) hosting a 1,316-bp genomic noncoding region of clone BAC6 from the catfish Ictalurus punctatus IgH locus (accession no. CC936713) referred to in this manuscript as S114. The formation of dsRNA was monitored by determining the size shift in 1% agarose gel electrophoresis. Duck Ig synthetic siRNAs (GGGTTGCCCATGAGGTTCA) with UU 3′ overhangs were purchased from Ambion. Finally, siRNA and dsRNAs were diluted to a final concentration of 250 ng/μl in sterile saline solution (10 mM Tris-HCl pH 7.5, 400 mM NaCl) and stored at −80°C until use.
Preparation of viral inoculum and experimental infection
The bioassay system, experimental animals, and white spot syndrome virus (WSSV) inoculum used here have been previously described [5, 9] . Briefly, 1.0-1.5 g specific pathogen-free L. vannamei shrimp were individually stocked in 260-ml tissue culture flasks with ca. 100 ml of UVsterilized sea water and 100% daily water exchange, and fed approximately half a pellet of commercial feed every day. After 1-day acclimation, shrimp (30 individual shrimp/treatment) were intramuscularly injected between the third and fourth abdominal segment with 5 μg (20 μl volume) of dsRNA (lToll or S114) or sterile saline. After 48 h, animals were injected again with saline or S114 dsRNA mixed with a WSSV inoculum. The WSSV inoculum was prepared as an LD 80 , i.e. the dose that would kill ca. 80% of infected but otherwise untreated shrimp. Negative controls were injected with S114 dsRNA or saline. Shrimp were kept in culture flasks for 10 days following infection. Cumulative mortality was recorded daily.
Quantitative real-time PCR
Quantitative real-time RT-PCR (qPCR) was performed on an ABI 7500 system as previously described [10] , to determine the mRNA transcript abundance of each target gene. Briefly, 500 ng of DNAse treated total RNA was reverse transcribed in a 20 μl reaction volume using oligo-dT primers and MMLV reverse transcriptase (Promega), according to the manufacturer's instructions. Following reverse transcription, all cDNAs were diluted fourfold in nuclease-free water and stored at −20°C. qPCR reactions were performed in duplicate and each contained 4 μl of diluted cDNA (25 ng of total RNA equivalents), 1× QuantiTect® SYBR Green PCR master mix buffer (Qiagen) and 300 nM forward and reverse primers in a 25 μl reaction volume. The amplification profile consisted of an initial denaturation step at 95 °C for 15 min and then 40 cycles of 95°C for 10 s, 59 °C for 30 s and 72 °C for 32 s followed by a dissociation stage according to the manufacturer's instructions. Amplification efficiencies for all qPCR primers were determined according to [11] and the specificity of the PCR amplification verified from the melting curve. Each run included the cDNA control, negative controls (total RNA treated with DNase I), and blank controls (water). The relative mRNA expression levels were determined using the two standard curve methodology (QuantiTect® SYBR Green PCR Handbook) and S3A ribosomal protein (GenBank accession no. BF023924) was used as the internal reference (normaliser) mRNA. Specific primers for S3A and lToll were S3A F (5'-GGC TTG CTA TGG TGT GCT CC-3'), S3A R (5'-TCA TGC TCT TGG CTC GCT G-3') and lToll F (5'-TCT GCT GAC GAA TAC TCC CAA AC-3'), lToll R (5'-GAC TGC CCA CGC GAT TTC-3'), respectively.
Statistical analyses
All numerical data were expressed as the mean ± standard error. Differences in mortality levels between treatments were analyzed by Kaplan-Meier log-rank χ2 tests using GraphPad Prism 3.00 for Windows (GraphPad Software, USA) computer software. One-way analysis of variance (ANOVA) or the Kruskal-Wallis test was used for mRNA expression analysis. These statistical analyses were performed with Statgraphics Plus 5.0 software.
Results and discussion
L. vannamei lToll presents all the characteristic domains of Toll-like receptor proteins: an extracellular amino-terminal leucine-rich repeat (LRR) region and an intracellular carboxyl terminal Toll/interleukin-1 receptor (TIR) domain [2, 8] . Moreover, it displays high similarity, in terms of amino acid sequences and domain architecture, with Toll-like receptors characterized in other invertebrates, such as the fruit fly D. melanogaster Toll (dToll) [12] . Despite this apparent conservation of innate immune signaling, and the observation that shrimp respond to many of the same microbe-associated molecular structures to which vertebrates are sensitive (e.g. dsRNA [5] , peptidoglycans [13] , LPS [14] , glucans [15] ), the hypothesis that lToll may be a molecular component for the cellular recognition of dsRNA has remained essentially untested. Experiments were therefore conducted in shrimp to explore the possible role of lToll in recognition of microbial ligands. Because exogenous addition of synthetic dsRNA has been demonstrated in various mammalian cell types to up regulate expression of TLR leading to the activation of an innate immune response [reviewed in 16], we monitored lToll relative expression in shrimp following injection with duck Ig siRNAs. As indicated in Fig. 1 , stimulation by non-specific siRNAs did not cause any significant change in lToll mRNA level, as assessed by comparison with shrimp injected with saline only (ANOVA, P > 0.05). Because several studies in mammals using different sizes of poly (I:C) (a synthetic ligand mimicking viral dsRNA) indicated that longer duplexes are more potent inducers of TLR3 signaling [17, 18] , we also explored if similar size limits may apply in shrimp by stimulating animals with 200-bp duck Ig dsRNAs. Data presented in Fig. 1 demonstrated that, similarly to short RNA duplexes, longer dsRNA did not induce any significant modification of lToll mRNA abundance. In vertebrates, TLR regulation on the transcriptional level is suspected to represent an important aspect of TLR immunological function. For instance, it has been shown in mice that interleukin-6 secretion upon challenge with LPS was directly proportional to the number of TLR4 transgene copies [19] . Moreover, different viruses were reported to augment TLR3 expression, this up-regulation sensitizing the cells to subsequent viral or dsRNA exposure and enhancing IFN-β secretion [20, 21] . Collectively, expression data obtained in this study demonstrate that, contrary to mammalian TLR3, lToll expression pattern is not responsive to dsRNA and thus suggest that this receptor may not act as a sentinel for dsRNA-induced responses in shrimp.
To further test this hypothesis, the ability of lToll to trigger sequence-independent antiviral immunity following stimulation by dsRNA was evaluated in in vivo conditions using RNA interference. To this end, animals were first injected with lToll sequence-specific dsRNA followed by subsequent infection (48 h later) with an inoculum of WSSV, a complex enveloped dsDNA virus, mixed with S114 dsRNA. We reasoned that, if lToll was responsible for dsRNA-induced antiviral immunity, injection of lToll-silenced shrimp with non-specific dsRNA would not elicit protection from a concomitant WSSV infection. As a control, animals were injected with S114 dsRNA and subsequently with a mixture of S114 dsRNA and WSSV. In the course of this experiment, we first checked that lToll message was successfully down-regulated using sequence-specific long dsRNA. As shown in Fig. 2 a, intramuscular injection of lToll sequence-specific dsRNA resulted in a statistically significant depletion of cognate mRNA levels, as determined by qPCR. Depletion was restricted to injection with lToll dsRNA, with no suppression of lToll expression occurring in control animals. As summarized in Fig. 2 b, injection of S114 dsRNA resulted in significantly increased survival to WSSV infection (Kaplan-Meier log-rank χ2: 21.95, P < 0.0001), confirming previously obtained results [5] . No statistically significant increase in mortality was observed for shrimp in which lToll had been first knocked down, compared to S114 dsRNA-injected animals over the 9-day period after viral infection (P > 0.05). This observation is consistent with the observed lack of lToll transcriptional regulation following dsRNA stimulation and suggests that lToll plays little to no role in the dsRNA-induced innate antiviral immunity of shrimp. Finally, confirmation that this shrimp TLR was not involved in the general antiviral response was sought by challenging lToll-knockdown shrimp with WSSV only. As indicated in Fig. 2 b, lToll silencing induced by the injection of specific dsRNA did not increase the shrimp susceptibility to WSSV infection (P > 0.05). Indeed, shrimp that received the lToll dsRNA showed 26.7% mortality by day 9 post infection as compared to 33.3% mortality in the control groups that had received S114 dsRNA. These data demonstrate that sequence-specific dsRNA initially injected to silence lToll expression triggered a non-specific antiviral response in lToll knockdown animals (Kaplan-Meier log-rank χ2: 29.55, P < 0.0001), as it has been observed before for dsRNAs targeting other shrimp genes [6] . In mammalian systems, multiple TLRs have been found that activate the immune response via detection of a range of PAMPs [2, 3] . In contrast, of the 10 TLRs characterized in D. melanogaster, only one has been shown to play a role in bacterial, fungal and viral immune response [22] . To date, 3 TLRs designated PmToll, FcToll and MjToll have been identified in shrimp Penaeus monodon, Fenneropenaeus chinensis and Marsupenaeus japonicus, respectively [23, 24, 25] . Information about their function in innate immune responses is relatively sparse and comes only from expression analyses. Expression of MjToll was shown to increase following stimulation with peptidoglycan but not with poly (I:C) [24] . Similarly, analysis of PmToll expression in WSSVinfected animals did not reveal any differential regulation of its transcription [23] . Finally, FcToll expression indicated that it may be inducible after bacterial challenge and participate in shrimp bacterial immune responses [25] . Collectively, data obtained in this study provide several lines of evidence arguing against the role of lToll as a dsRNA receptor and also against its involvement in dsRNA-induced antiviral immunity in L. vannamei. Thus, of the 4 TLRs characterized so far in penaeid shrimp, none of them have demonstrated to respond to dsRNA stimulation and/or viral infection. In the absence of fully-sequenced genomes in shrimp, we can not rule out the hypothesis that other members of the TLR family may exist in shrimp, as it has been reported in other invertebrates such the mosquito [26] or the sea urchin [27] . Alternatively, this general non-specific antiviral response in shrimp may rely on a TLR independent signaling pathway. If viral dsRNA is known to be recognized by TLR3 in vertebrates, other mechanisms for dsRNA sensing have also been identified, that involve different components, such as dsRNA-dependent protein kinase R (PKR), 2'-5' oligoadenylate synthetases, and retinoic acidinducible gene I (RIG-I)/melanoma differentiation-associated gene 5(MDA5), which differ in their cellular localizations and downstream signaling pathways for the induction of type I IFNs [2, 4] . Although searches of known invertebrate genomes have not yet yielded homologues for these components (or for interferon-like genes), growing evidence for specific immune memory in crustacea, including shrimp, suggest that novel antiviral immune pathways may operate in invertebrates [6, 28] . To date, dozens of shrimp genes for which no identifiable homologues exist but whose expression is modified in response to viral infections have been found by transcriptomic analyses [29, 30, 31] . They warrant future investigation, as they may contribute to the characterization of dsRNA-sensing PRR and more generally to our understanding of dsRNAinduced innate antiviral immunity. . At 48 h after this initial injection, animals were infected with WSSV either alone or mixed with S114 dsRNA. Differences in mortality levels between treatments were analyzed by Kaplan-Meier log-rank χ2 tests. Protection from viral infection in dsRNA-treated groups (lToll or S114) was observed until 9 dpi (P < 0.0001).
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